INTRODUCTION
The determination of water in silicate glasses of different compositions, using confocal micro-Raman spectroscopy, is now a well-established routine method (Chabiron et al. 2004; Di Muro et al. 2006; Thomas 2000 Thomas , 2002 Thomas et al. 2000 Thomas et al. , 2003 Thomas et al. , 2005 . This technique can be used for an accurate and fast analysis of total dissolved water (H 2 O T ) even in small volume (<10 µm 3 ) melt inclusions (MI). The same technique can determine D 2 O, provided the D 2 O-OD spectra are taken in the frequency range 2250-2900 cm -1 with the band maxima at 2608 and 2656 cm -1 . Previous methods involved focusing the laser beam on MI exposed by polishing; however, Chabiron et al. (2004) have shown that better results can be achieved if the inclusions are at a depth of ~15 µm below the surface. According to Thomas (2000) and Di Muro et al. (2006) the optimal depth depends primarily on the confocal performance, and is about 2 µm for the Dilor XY spectrometer used in this study. Besides the quantiÞ cation of water, Di Muro et al. (2006) have shown that the water speciation (H 2 O m /OH) can also be determined successfully by confocal micro-Raman spectroscopic analysis.
During our analytical work on MI from different rocks we observed apparent water-loss during secondary ion mass spectrometry (SIMS), or electron microprobe analyses (EMPA) taken prior to Raman analyses, a feature also observed by Di Muro et al. (2005) , Leschik et al. (2004) and Humphreys (personal communication) . At high water concentrations in the glass (>8-10 wt%) we also observed H 2 O-loss with time, possibly caused by changes in the glass related to polishing, and also by diffusion effects during local heating by the laser. Leschik et al. (2004) have shown that H 2 O is released under vacuum, at room temperature, from glasses containing >7 wt% H 2 O. Determination of water content in unexposed glass inclusions would eliminate these sources of error. Such a technique also would make it possible to determine high water concentrations in MI (>20 wt%),
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ABSTRACT
A method is proposed for determining the water concentration in silicate melt inclusions (MI) by confocal micro-Raman spectroscopy, without exposing the inclusions for measurement (a prerequisite of all previous methods). The latter is important for extremely water-rich MI (e.g., those in evolved granites and pegmatites), which would loose H 2 O on exposure. Furthermore, this technique permits determination of the water concentration in a single MI. We use a comparative technique, determining the total water content of a sample against a reference glass of known water content. Because this process is non-destructive it does not preclude the subsequent use of other analytical techniques.
Keywords: Raman spectroscopy, water determination, unexposed silicate melt inclusions, water in glasses which is at the present time impossible with FTIR, EMPA, or SIMS. A solution to this problem, outlined brieß y in Thomas (2000) , is described in detail in the present study. Being a nondestructive method, once H 2 O analysis has been performed the inclusions are still available for further analysis. For example, the MI can be exposed to allow analysis of major and trace element compositions.
ANALYTICAL TECHNIQUE AND SAMPLE CHARACTERISTICS
Total water concentration (H 2 O T ) was measured using a Raman probe consisting of a Dilor XY Laser Raman Triple 800 mm spectrometer (1800 G/mm gratings), equipped with an Olympus optical microscope, and a long working distance 80× objective (required for imaging deep inclusions). The spectral resolution of the system is less than 1 cm -1 in the high resolution mode. Spectra of the MI glasses were collected with a Peltier cooled CCD detector. The 488-nm line of a Coherent Ar + Laser Model Innova 70-3 at 450 mW was used for sample excitation (corresponding to 36 mW on sample). For all measurements a confocal pinhole of 150 µm was used (see Thomas 2002) . All spectra were measured in the high-frequency range between 2800 and 3980 cm -1 (Fig. 1) . For simplicity we have adopted a linear background correction in the integration limits between 3100 and 3750 cm -1 (see * E-mail: thomas@gfz-potsdam.de FIGURE 1. Unpolarized Raman spectra at the high frequency region taken from a water-rich MI-glass in pegmatite quartz from Ehrenfriedersdorf, and the reference albite glass (AB83) with a total water concentration H 2 O T of 11.71 wt% for comparison. Ohlhorst et al. 2001) .
To avoid excessive inß uence of the composition-dependent aluminosilicate network-TOT1 bands (see Di Muro et al. 2006 ) at 490 cm -1 , we have used the external calibration method of Di Muro et al. (2006) . Thomas (2000) demonstrated the validity of this technique, and the strength of the method is illustrated in Figure  2 , which shows good correlation of the measured integral intensity vs. the water content of synthetic albite, granite and basalt glasses, determined by the Karl Fischer titration (see Table 1 ). From this data (using only the reference glasses) we obtain a correlation coefÞ cient r 2 = 0.9962. A similarly good linear correlation was also obtained for the D 2 O T determination in rhyolitic glasses, kindly provided by M. Leschik with D 2 O concentrations between 0.6 and 5.6 wt% (Fig. 2) . We used 5 reference glasses (S99) with 0.69, 1.02, 2.03, 3.4, and 5.6 wt% D 2 O (see Leschik et al. 2004) .
Because the integral intensity of the H 2 O-OH stretching band increases directly, proportionally and linearly with the total water content (see Thomas 2000) , we have used a simple procedure for quantiÞ cation. The water concentration was calculated from the geometric proportion between the integral intensity of a reference glass (with a H 2 O T concentration near that of the unknown sample) and the unknown sample intensity. For calibration we used well-characterized standard glasses given in Thomas (2000) . This procedure dramatically simpliÞ es quantiÞ cation because a calibration curve is not necessary. At the same time the compositional dependence is strongly decreased, as we take only the H 2 O-OH stretching band in the frequency region between 2800 and 3980 cm -1
. Three windows are necessary to take the complete spectra (because of the high resolution of the XY spectrometer, grading 1800 groves/mm), and these windows were automatically combined by the software. The acquisition time was 5 × 50 s for each window, and the complete measurement time for one spectrum is 750 s.
Laser intensity was checked against the reference glass before each measuring step. The depth of the MI was determined by a calibrated microscope scale (corrected for the refractive index of the inclusion host mineral). The technique is currently restricted to non-opaque minerals. The laser beam was focused on the top of the inclusion, and then lowered by 2 µm before measurement began. The confocal beam produces signal from a volume of sample with an approximately inverted conical shape, 2 µm wide and 10 µm deep, which needs to be taken into account for inclusions less than 10 µm thick. To maintain computational consistency, only inclusions with the same thickness (and preferably size) should be used for small inclusions (≤10 µm).
To test the proposed method we have determined the water content of three different samples: (1) a MI of granitic composition in quartz from the topaz-albite granite, Zinnwald Eastern Erzgebirge, Germany (see Thomas et al. 2005) , (2) a water-rich MI with evolved granitic composition in quartz from the Ehrenfriedersdorf pegmatite, Central Erzgebirge, Germany (Thomas et al. 2003) , and (3) MI in olivine from Etna volcano, Italy. The Etnean MI are represented by primitive (6-9 wt% MgO) basaltic glass; host olivine is Fo 90 .
In the case of Zinnwald and Ehrenfriedersdorf, we studied one large MI in quartz from each sample. We began analysis with both inclusions at a depth of 72 µm below the surface, then re-ground, re-polished and re-analyzed six times in stepwise fashion, until the inclusion was Þ nally exposed. The Raman signal attenuates proportionately with distance from the inclusion to the surface, dependent on the properties of the host mineral, and we use this signal attenuation in determining the water concentration.
Another strategy was used in the case of MI in olivine from Etna; we selected roughly similar sized, large MI at different depths of the sample, and analyzed these without re-polishing, the assumption being that the different inclusions all have the same H 2 O concentration. In general, as the depth of an inclusion from the surface increases, the counting time must also be increased. However, a measurable Raman signal can still be obtained from a depth of 142 µm.
The two methods are in a sense analogous, either use one inclusion and bring it to the surface by step-wise polishing and re-analyzing, or choose multiple similar inclusions at different depths, and avoid the need for extra sample preparation. Table 2a gives the results of the Raman spectrometric determination of the water content in a single MI in a quartz crystal from the topaz-albite granite from Zinnwald, Eastern-Erzgebirge, Germany. Before measurement, the MI was homogenized in a cold-sealed pressure vessel (700 °C and 1 kbar, pressurized with CO 2 for 20 h), as MI from a plutonic environment are generally completely crystallized. The MI (diameter 60 µm) was initially 72 µm below the top surface of a double-polished wafer, and was progressively brought to the surface by step-wise grinding and polishing. As an external reference standard, for all mea- surements we used an albite glass AB83 with 11.71 wt% H 2 O T , the reference spectra were obtained by focusing on the glass surface. The 7 data points from Table 2a = correlation coefÞ cient). This yields a water concentration of 9.06 ± 0.28 wt%. This example shows that by reducing the depth of a MI in the host by step-wise grinding and polishing we can obtain enough information for the quantiÞ cation of water from a single inclusion. Table 2b gives the results of the determination of total water concentration in a large MI in pegmatite quartz from Ehrenfriedersdorf, Central-Erzgebirge, Germany, homogenized at 600 °C, 1 kbar for 20 h. From the 1σ scattering of the integral intensity of the MI data, and of the standard glass, the results give a mean of 25.1 ± 1.1 wt% H 2 O. Table 2c gives the results for the determination of total water concentration of 11 large (20-50 µm in diameter) MI in different depths in olivine from the Etna volcano, Italy. From the regression of the 11 data points we obtain a water concentration of 4.40 ± 0.23 wt%.
RESULTS AND DISCUSSION
All three examples demonstrate that we can determine the water concentration in unexposed MI deep in the host. This is particularly useful in MI that are rich in water (example 2), since if exposed the glass would immediately undergo irreversible changes (i.e., by diffusive loss to the atmosphere, among other mechanisms), and the primary water content would be indeterminable (see Ihinger et al. 1994 ).
In Figure 3 , a plot of depth vs. log (H 2 O concentration), we obtain clear linear regressions. This suggests that it is possible to assess the water content adequately from a single inclusion by only two measurements. The larger the difference in distances to either surface, the more accurate is the determination. This technique could be used on a thin double-polished wafer by measuring from both sides (providing the inclusion is not exactly at the mid-point of the wafer), or by a two-stage polish and measure procedure when the sample is of suitable thickness.
As an example, considering the MI from Zinnwald, since the MI was located 72 and 10 µm, respectively, from both surfaces of the polished sample we obtain by the two-point equation for a line: I = 10 (4.9239 -0.008287 * D) which gives a water concentration of 9.1 ± 0.4 wt%, using the integral intensity of the reference glass (± 1σ). In comparison, the estimate from 7 data points is 9.1 ± 0.3 wt%. Within the experimental limitations of this process the results are the same, and the second method would involve far fewer measurements and less sample preparation.
Given the non-destructive nature of this process, and the minimal sample preparation required, we consider the technique to have considerable advantages. It is also possible to use different inclusions at different depths (Etna case), although in this case it is necessary to assume that the MI all have similar H 2 O concentrations. This is not a problem if all of the MI are co-genetic, and there is no evidence of decrepitation or post-entrapment alteration of the inclusions. However, this method contains an internal check, because if the inclusions do not have similar H 2 O concentrations they will not lie on a single regression line (Fig.  3) . Moreover, the degree of scatter will be proportional to the variability of H 2 O concentrations between inclusions. Should the , r 2 = 0.997. * Depth (D) under the sample surface. † The integral intensity (I) at a depth of 0 µm is equivalent to 100%.
inclusions in a sample not Þ t a single line, the methods for single inclusions can still be applied (examples 1 and 2).
The best results can be achieved if the MI is under the surface, thus largely avoiding the effects of preparation and other processes (e.g., water adsorption and diffusion). Furthermore, this method allows analysis of inclusions that are so water-rich that they cannot be exposed without causing irreversible changes. This method has the advantages of being non-destructive, cheaper than most other methods, and requiring less sample preparation, which is expensive and time-consuming. In the simplest case we can get good results from MI within double-polished wafers, simply measuring from both sides of the wafer. Furthermore, we stress that the integral intensity of the broad asymmetric H 2 O-OH Raman band is directly proportional to the total water concentrations, and independent of the composition of the glass. The same is also valid for D 2 O in silicate glasses.
Because there is a linear correlation between the integral intensity and the H 2 O concentration, and since the regression curve goes through the zero point, it follows that only one standard is necessary for one determination. Furthermore, this means that the method can be applied within broad limits. It is only important that the sample and standard are measured under the same conditions, and that the water content should be roughly the same in standard and sample.
